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A biocompatible diazosulfonate initiator for
direct encapsulation of human stem cells via
two-photon polymerization†
Maximilian Tromayer,‡a,e Agnes Dobos,‡b,e Peter Gruber,b,e Aliasghar Ajami,
Roman Dedic,d Aleksandr Ovsianikov b,e and Robert Liska *a,e
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Direct cell encapsulation is a powerful tool for fabrication of biomimetic 3D cell culture models in vitro.
This method allows more precise recapitulation of the natural environment and physiological functions of
cells compared to classical 2D cultures. In contrast to seeding cells on prefabricated scaﬀolds, cell encapsulation oﬀers beneﬁts regarding high initial cell loading, uniformity of cell distribution and more deﬁned
cell–matrix contact. Two-photon polymerization (2PP) based 3D printing enables the precise engineering
of cell-containing hydrogel constructs as tissue models. Two-photon initiators (2PIs) speciﬁcally developed for this purpose still exhibit considerable cyto- and phototoxicity, impairing the viability of encapsulated cells. This work reports the development of the ﬁrst cleavable diazosulfonate 2PI DAS, largely overcoming these limitations. The material was characterized by standard spectroscopic methods, white light
continuum two-photon absorption cross-section measurements, and its photosensitization of cytotoxic
singlet oxygen was compared to the well-established 2PI P2CK. When DAS is used at double concentration to compensate for the lower two-photon cross section, its performance in 2PP-printing of hydroReceived 15th February 2018,
Accepted 7th May 2018

gels is similar to P2CK based on structuring threshold and structure swelling measurements. PrestoBlue
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metabolic assay showed vastly improved cytocompatibility of DAS in 2D. Cell survival in 3D direct encapsulation via 2PP was up to ﬁve times higher versus P2CK, further demonstrating the excellent biocompat-
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ibility of DAS and its potential as superior material for laser-based biofabrication.

Introduction
Hydrogels are cross-linked 3D networks of hydrophilic polymers extensively swollen with water.1 They are an important
class of scaﬀold materials, which are able to mimic roles of
the non-cellular component of tissues, the extracellular matrix
(ECM), such as providing essential cues for cell adhesion and
proliferation, while allowing the diﬀusion of nutrients, metabolites and growth factors.2 The polymers employed can be
based on either synthetic materials e.g. poly(ethylene glycol) or
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naturally derived materials, such as collagen, fibrin, alginate
or hyaluronic acid. Gelation can happen through a variety of
mechanisms where polymer chains are cross-linked by
covalent, ionic, or physical bonds. While naturally occurring
hydrogels are typically cross-linked by physical or ionic mechanisms, covalently cross-linked hydrogels are becoming more
attractive due to better stability, tunability of mechanical
properties and degradation.3 Gelatin, derived from collagen,
exhibits excellent cell adhesion, biocompatibility and
biodegradability.4–7 Because its natural physical gelation is
inhibited at physiological temperatures, methacrylamide functionalities are introduced on gelatin’s primary amine groups,
enabling covalent cross-linking via photopolymerization to
facilitate its use as scaﬀold material.8
3D cell encapsulation is a powerful tool for tissue engineering, not only oﬀering the benefits of cellular environments
mimicking physiological tissues closer than classical 2D
culture models, but also being advantageous to the general
approach of seeding cells on porous prefabricated
scaﬀolds.3,9,10 Compared to the latter method, direct encapsulation within the scaﬀold is a desirable alternative providing
high initial cell loading, uniform cell distribution and more
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intimate cell–matrix contact.11 Furthermore, the concomitant
presence of cells during scaﬀold fabrication allows for high
throughput, streamlining the process towards automated
tissue fabrication.12
Several additive manufacturing technologies (AMTs) have
been used in tissue engineering and regenerative medicine,
allowing the automated and reproducible production of
complex 3D constructs for cell growth from a variety of
materials and in accordance with computer-aided design
(CAD) models.13,14 In 3D bioprinting, cells are suspended in a
biocompatible matrix material (usually hydrogel based) to
form a bioink, which is deposited in a layer-by-layer manner
via extrusion, inkjet or laser-assisted strategies, however these
methods are often time consuming or result in low resolution
structures.15–18 Stereolithography using photopolymerization
induced by UV-lasers has been employed to fabricate 3D
hydrogel constructs combining multiple cell and material
types patterned in predetermined regions.12,14 Another powerful 3D printing approach is based on two-photon polymerization (2PP), where nonlinear absorption of a tightly focused,
femtosecond laser pulses leads to localized cross-linking of
photosensitive materials within the focal volume.19 Since
many photosensitive materials are essentially transparent to
the utilized laser wavelength (usually near-infrared), the need
for a layer-by-layer deposition process used in other AMTs is
avoided and structures can be produced directly within the
bulk of the sample. Arbitrary 3D structures with feature sizes
ranging from less than 100 nm to 100 µm can be manufactured, closing the existing gap in structural parameters of
scaﬀolds fabricated by diﬀerent methods.20–23 Furthermore,
2PP enables selective covalent cross-linking within photosensitive gelatin while used as eﬀectively solid physical gel, thus
avoiding gravitational sinking encountered during the encapsulation process in cell suspensions.21,24 This ensures a homogeneous distribution of cells throughout fabricated 3D
constructs.
2PP has been employed using rose bengal as photosensitizer to fabricate micropillars from bovine serum albumine as
artificial stem cell niches, as well as cross-linking cytoplasmic
proteins inside live starfish oocytes to create barriers and
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channels isolating diﬀerent intracellular regions, with the aim
of conducting functional studies.25,26 Direct 3D encapsulation
of polymicrobial bacterial communities via 2PP has also been
achieved.27 However, there is still a lack of studies demonstrating more sensitive cell types kept viable after successful 2PP
encapsulation. This is in part due to the limitations associated
with currently available photosensitizers and photoinitiators
(PIs) used to start the covalent cross-linking processes, such as
free radical polymerization.
Classical UV-encapsulation of cells has made use of commercial PIs such as Irgacure 2959, VA-086 and Li-TPO-L (see
Fig. 1), which generate initiating radicals by homolytic bond
cleavage upon photoexcitation.11,28–30 Due to their relatively
small conjugated π-systems, classical UV-PIs generally have low
two-photon absorption cross sections (σ2PA) and tend to suﬀer
from poor performance and low achievable writing speeds in
2PP.31,32 Thus, specialized water-soluble two photon initiators
(2PIs) such as P2CK (see Fig. 1) have been developed and
proved highly eﬃcient in the microfabrication of 3D hydrogel
structures.33 Nonetheless, these 2PI systems exhibit significant
cytotoxicity above certain concentrations even in the absence
of light, and can cause extensive photodamage to cells after
laser irradiation. We reported such photodamage in previous
studies and hypothesized that P2CK can photosensitize the
formation of cytotoxic reactive oxygen species (ROS) such as
singlet oxygen (1O2).21 This would be in accordance with sensitized 1O2-formation well described in literature for rose
bengal, and in case of P2CK similar to and competing with the
hypothetical mechanism of bimolecular generation of 2PP
initiating radicals.26,34,35 Since aforementioned cleavable commercial PIs have shown good cytocompatibility in UV-encapsulation of cells, we hypothesize that generation of polymerization initiating radicals by rapid, unimolecular 2PI cleavage
could help minimize unwanted side-processes associated with
bimolecular initiation mechanisms of conventional 2PIs
during long lived triplet state.
Aryl diazosulfones cleave under formation of phenyl- and
sulfonyl-based radicals as well as molecular nitrogen, and have
been used for thermally induced free radical polymerization.36
Their use in 2PP has not been previously reported in literature,

Chemical structures of the photoinitiators discussed in this publication.
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but they exhibit strong absorption in the visible range that was
suspected to also be excited by two-photon absorption (2PA) at
800 nm.
The objective of the present study was to develop a watersoluble, cleavable aryl diazosulfonate 2PI with excellent cytocompatibility, transcending the limitations of state-of-the-art
materials. The novel 2PI’s properties were characterized and
compared to the reference material P2CK by standard spectroscopic methods, white light continuum (WLC) spectral σ2PA
measurements, 1O2 luminescence determination as well as
experiments examining 2PP structuring threshold and swelling
behavior of cross-linked hydrogel structures. 2D and 3D
in vitro biocompatibility was evaluated by using adiposederived stem cells (ASC/TERT1) in cell viability assays both in
the absence of light and after direct cell encapsulation via 2PP.

Experimental
Materials and methods
Chemicals for synthesis. 4,4′-Diaminostilbene-2,2′-disulfonic
acid (amsonic acid) was purchased from TCI Europe and used
without further purification. Hydrochloric acid, NaNO2, K2SO3
and K2CO3 were purchased from Sigma-Aldrich and used
without further purification. Solvents and other reagents were
purchased from Sigma Aldrich, Fluka, Merck and Riedel-de
Haen and were either used without further purification or
dried and purified by standard laboratory methods. P2CK free
acid was prepared according to literature.33 The sodium salt
used in this publication was obtained by dissolving P2CK in
aqueous NaOH at 50 °C to a pH of 7.2 and freeze-drying the filtered solution.
Mode of practice for photosensitive compounds. The preparation and analysis of the photosensitive compounds and formulations was conducted in an orange light lab. The windows
and fluorescent lamps were covered with foil filters or filter
coatings so that light with a wavelength <520 nm was cut oﬀ.
Nuclear magnetic resonance (NMR) spectroscopy. 1H-, 13Cand HSQC-NMR spectra were measured with BRUKER Avance
200, BRUKER Avance 400 and BRUKER Ascend 600 FT-NMRspectrometers. The chemical shift (s = singlet, bs = broad
singlet, d = doublet, t = triplet, m = multiplet) is displayed in
ppm using the non deuterated solvent as internal standard.
Solvents with a grade of deuteration of at least 99.5% were
used and purchased from EURISOTOP.
Synthesis of 4,4′-(1,2-ethenediyl)bis[3-sulfobenzenediazonium]dichloride (TAZ). Hydrochloric acid (6.0 mL, 37% aq.) is
added dropwise to a magnetically stirred suspension of
amsonic acid (10.0 g, 27.0 mmol, 1.0 eq.) in deionized H2O
(54 mL). The stirred suspension is then cooled in an ice/water
bath and a solution of NaNO2 (4.23 g, 61.3 mmol, 2.27 eq.) in
H2O (9 mL) is added dropwise, keeping the temperature below
5 °C. After the addition of NaNO2 is completed, the reaction
mixture is stirred at room temperature for 30 min and then at
35 °C for another 2.5 h. The suspension is then cooled to 4 °C,
the solids collected by centrifugation (3000 rpm, 10 min) and
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washed subsequently with deionized H2O (2 × 40 mL), MeOH
(2 × 40 mL) and Et2O (2 × 40 mL), always collecting the solids
via centrifugation and discarding the liquid phases. The resulting bright yellow paste TAZ is then carefully dried in vacuo at
room temperature. Yield: 10.4 g (83% of theory). Mp:
decomposition >90 °C; 1H NMR (200 MHz, DMSO-d6, δ): 9.10
(2H, d, J = 2.2 Hz, Ar–H2), 8.70 (2H, dd, J = 2.2 and 8.7 Hz,
Ar–H6), 8.52 (2H, s, –CHvCH–), 8.14 (2H, d, J = 8.7 Hz, Ar–H5).
Synthesis of tetrapotassium 4,4′-(1,2-ethenediyl)bis[2-(3-sulfophenyl)diazenesulfonate] (DAS). Powdered K2CO3 (1.48 g,
10.7 mmol, 1.0 eq.) and K2SO3 (90% purity, 3.78 g, 21.5 mmol,
2.0 eq.) are mixed homogeneously by shaking and the mixture
of solids is added portion-wise to a magnetically stirred suspension of TAZ (5.0 g, 10.7 mmol, 1.0 eq.) in deionized H2O
(35 mL). During the addition of solids the suspension first
turns milky-orange and changes to a very dark but clear solution shortly before addition is completed. This solution is first
stirred for 18 h at room temperature and then left to crystallize
for another 18 h at 4 °C. The precipitate is collected via centrifugation, recrystallized by dissolving in the minimal amount
deionized water at 70 °C then cooling to 4 °C, and dried
in vacuo over P2O5 to obtain a finely crystalline orange powder.
Yield: 3.77 g (50% of theory). Mp: decomposition >300 °C; 1H
NMR (600 MHz, D2O, δ): 8.38 (2H, d, J = 2.2 Hz, Ar–H2), 8.12
(2H, s, –CHvCH–), 8.11 (2H, d, J = 8.4 Hz, Ar–H5), 8.06 (2H,
dd, J = 2.2 and 8.4 Hz, Ar–H6); 13C NMR (100 MHz, D2O, δ):
148.8 (Ar–C3), 142.0 (Ar–C4), 139.9 (Ar–C1), 130.3 (–CHvCH–),
129.4 (Ar–C5), 126.3 (Ar–C6), 123.3 (Ar–C2); anal. calcd for
C14H8K4N4O12S4: C 23.72, H 1.14, K 22.06, N 7.90, O 27.08,
S 18.09; found: C 23.35, H 1.37, K 22.40, N 7.01, O 28.18,
S 17.18.
Spectral properties
UV/Vis-absorption spectra were recorded on a Shimadzu UV/
VIS 1800 spectrometer. 2PA spectra were determined using
white light continuum (WLC) Z-scan.37 A Ti:sapphire laser
system (FEMTOSOURCE COMPACT PRO, Femtolasers GmbH)
producing 500 µJ, 30 fs, 800 nm pulses at 1 kHz repetition rate
was used as source for WLC generation. The Ti:sapphire laser
output beam is slightly focused using a 150 cm focal length
plano-convex lens to a 200 µm diameter spot at the entrance of
the 250 µm diameter 175 cm long hollow fiber
(KALEIDOSCOPE™ hollow fiber compressor) placed inside a
chamber filled with argon gas at a pressure of 0.6 bar. This
leads to a WLC beam spectrally broadened in the range of
550–1000 nm, which is first transmitted through a set of halfwave plate and polarizer in order to regulate the intensity and
subsequently through an ultra-broadband dispersive mirror
compressor consisting of 8 mirrors to produce sub-10 fs
pulses.
The WLC beam emerging from the compressor was dispersed using an F2-glass prism-pair and then focused into the
sample using a 150 mm focal length cylindrical lens. The
sample was mounted on a translation stage moving step-wise
in the laser beam propagation direction to facilitate Z-scans.
The nonlinear transmittance was measured by a charge-
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coupled-device (CCD) line camera [CCDS3600-D from
ALPHALAS (3648 pixels with pixel-width of 8 µm)] as a function of the sample position. Since diﬀerent spectral components are spatially separated, any part of the sample in the
beam cross section is irradiated with almost single wavelength
pulses leading to only degenerate 2PA processes. The 2PA
cross section at each wavelength can be extracted by fitting
eqn (1) to the measured data and thus wavelength resolved
degenerate 2PA spectra can be obtained by performing a single
Z-scan using dispersive WLC.
TðzÞ ¼

n
1
X
ððσ 2 λNA ρ  103 =hcÞLI0 Þ


2
ðn þ 1Þ3=2 1 þ zzR 2
n¼0

ð1Þ

where, T is the normalized transmittance, L is the sample
thickness, zR is the Rayleigh range, z is the sample position
measured with respect to the focal plane, I0 is the peak on-axis
intensity at the focal plane, h is the Plank constant, c is the
light speed in free space, NA is the Avogadro constant, ρ is the
concentration of the examined solution in mol L−1, λ is the
wavelength and σ2 is the 2PA cross section.
Singlet oxygen measurements
The sensitized production of 1O2 by the materials was studied
by direct detection of near-infrared luminescence of 1O2
around 1270 nm using a home-built set-up.38 The sample was
irradiated by 5 ns long pulses at 420 nm with ∼5 µJ in pulse
provided by dye laser (FL1000, Lambda Physik) pumped by
excimer laser (ATLEX 500i, ATL Lasertechnik). The luminescence signal was collected through two RG7 long-pass filters
(Schott) and high-luminosity monochromator (H20IR, Jobin–
Yvon) to the infrared sensitive photomultiplier (R5509,
Hamamatsu) working in single photon counting mode. The
photomultiplier output was detected by time-resolved multichannel photon counter (MSA-200, Becker-Hickl) with 5 ns per
channel resolution. Increase of the signal after increasing the
partial oxygen pressure as well as total quenching of the signal
by specific 1O2 quencher NaN3 was used to verify that the
obtained luminescence kinetics originates only in 1O2. The
kinetics obtained with the quencher was subtracted as a background before analysis of the 1O2 kinetics. 300 000 sweeps
were accumulated to obtain each kinetics. The lifetimes of 1O2
were obtained by fitting a model based on single-exponential
decays of both the sensitizer and the 1O2.
ASC/TERT1 cell culture
ASC/TERT1 (Evercyte, Vienna, Austria) were cultured and maintained in EGM-2 media (Lonza, Basel, Switzerland) supplemented with fetal bovine serum (FBS) (Sigma-Aldrich, Saint
Louis, MO, USA) to a final concentration of 10%. Cells were
incubated in a humidified atmosphere with 5% CO2 at 37 °C.
At 80% confluence the cells were detached using 0.5% trypsin–
EDTA solution (Gibco, Waltham, MA, USA) and after the cells
detached trypsin inhibitor was added (Gibco, Waltham, MA,
USA), the cells were resuspended in media and centrifuged at
170g for 5 min before seeding onto T75 flasks.

This journal is © The Royal Society of Chemistry 2018

Cell viability
Cell viability was measured using PrestoBlue Assay
(Invitrogen, Carlsbad, CA, USA). Briefly, cells were seeded in
96-well culture plates. 0.5–4 mM DAS and P2CK solution in
EGM-2 (10% FBS) media was added to the wells (followed by
a 10 min UV irradiation on one plate) and the plates were
incubated for 3 h at 37 °C. Afterwards the cells were washed
with PBS (Sigma-Aldrich, Saint Louis, MO, USA) twice before
fresh media was added and the cells were left to recover overnight. After 24 h PrestoBlue assay was performed, by diluting
the reagent 1 : 10 with EGM-2 media and the plates were
incubated for 1 h. The absorbance was measured in a plate
reader at an excitation wavelength of 560 nm and the emission was recorded at 590 nm. Data were analyzed with
GraphPad Prism software using one-way ANOVA with
Kruskal–Wallis test followed by Dunn’s multiple comparisons post-hoc.
DNA quantification
FlouReporter Blue Fluorometric dsDNA Quantitation Kit
(Thermo-Fisher, Waltham, MA, USA) was used to measure the
DNA content of the samples after treatment with the photoinitiators. The plates on which PrestoBlue assay was applied
were frozen for 5 days at −80 °C and Hoechst assay was preformed following the instructions of the manufacturer.
Briefly, the plates were thawed at room temperature and
100 μL distilled water was added and the plates were incubated at 37 °C for 1 h. Afterwards, Hoechst 33258 staining
was diluted to 1 : 400 with TNA buﬀer (10 mM Tris, 2 M NaCl,
1 mM EDTA, 2 mM sodium azide), 100 μL of the reagent was
added to the wells and the fluorescence was measured using
excitation and emission filters at 369 nm and 460 nm,
respectively.
2PP setup
For 2PP structuring, a femtosecond NIR-laser (MaiTai eHP
DeepSee, Spectra-Physics) was used at 800 nm, with a repetition rate of 80 MHz and a pulse duration of 70 fs after the
microscope objective (Plan-Apochromat 10×/0.3, Zeiss). The
peak intensity for these parameters at 1 mW average power is
7 GW cm−2 in the focal plane of the objective and the spectral
width of the used laser system at 800 nm is 9.6 nm; the
detailed calculation of these values is described elsewhere.39
To facilitate high-speed structuring a combination of sample
positioning via a motorized stage and a galvo-scanner was
used for laser beam positioning within the sample. The inhouse developed software controls the complete setup.
The structuring process was monitored in real time with a
CMOS-camera mounted behind the dichroic mirror in the
beam path.
Methacrylation of glass surfaces
Methacrylation of glass bottom dishes (35 mm diameter with
glass bottom, high version, Ibidi GmbH, Martinsried,
Germany) was performed according to literature.39
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Structuring threshold
In order to evaluate the structuring threshold of the hydrogels,
10% gelatin methacrylamide hydrogel (GelMOD) with a substitution rate of 95%, ( provided by Ghent University) was dissolved in EGM-2 media supplemented with 1 mM P2CK or
2 mM DAS. Cubes with a side length of 100 µm were printed
on methacrylated glass using the previously mentioned 2PP
setup, with diﬀerent writing speeds (100–1000 mm s−1),
diﬀerent powers (45–100 mW), and hatching with 0.5 µm line
and 0.5 µm layer spacing. The threshold was defined as the
minimal power needed for structuring.
Swelling
The swelling ratio of samples (10% GelMOD with 1 mM P2CK
or 2 mM DAS) was addressed by measuring the changes in perimeter of the samples using ImageJ FIJI software. 100 µm
cubes were printed using parameters above the structuring
threshold. The printed structures were immersed in PBS for
48 h until they reached the swelling equilibrium. The swelling
ratio (Q) was calculated using eqn (2):
Q¼

Pt  Pb
 100
Pb

ð2Þ

where, Pt is the perimeter of the cubes on the top, Pb is the
perimeter of the sample on the bottom.
Cell encapsulation
ASC/TERT1 cells were trypsinized, and resuspended in 10%
GelMOD solution supplemented with either 1 mM P2CK or
2 mM DAS at a concentration of 2 × 106 cells per mL. The cellcontaining hydrogel precursor solution was applied to methacrylated µ-dishes (35 mm diameter with glass bottom, high
version, Ibidi GmbH, Martinsried, Germany). The structures
were printed with the above mentioned 2PP setup, using
0.5 µm line and 0.5 µm layer spacing. In order to assess the
changes in cell numbers, larger cubes of 300 µm cubes were
printed, using 1000 mm s−1 writing speed. For demonstration

Fig. 2

TU logos were printed with a writing speed of 250 mm s−1. The
viability of cells was assessed with calcein AM/propidium
iodide staining (Sigma-Aldrich, St Luis, USA). The samples
were incubated for 20 min before the images were captured by
confocal laser scanning microscope (LSM700 Zeiss, Germany).

Results and discussion
Synthesis
Diazosulfones and the closely related, water-soluble diazosulfonates have been employed for a wide array of uses, ranging
from building blocks and reagents in organic synthesis to
radical polymerization, film coatings, diazo copying and fungicides.36,40,41 After preliminary 2PP experiments showed that
commercially available sodium [4-(dimethylamino)phenyl]diazenesulfonate (fenaminosulf, see Fig. 1) is a relatively eﬃcient
2PI considering that its conjugated π-system is small, which is
usually associated with low σ2PA, a series of diazosulfonates
with extended π-systems was prepared, most of them practically insoluble in water. Therefore two strongly hydrophilic
sulfonate moieties were attached on the aromatic core of the
2PI to achieve the excellent water solubility of the novel 2PI
presented in this study, tetrapotassium 4,4′-(1,2-ethenediyl)bis
[2-(3-sulfophenyl)diazenesulfonate] (DAS).
In the first step of the synthetic sequence to obtain DAS
(see Fig. 2), amsonic acid was converted to its tetrazonium salt
(TAZ) via a diazotization procedure adapted from literature.42
Diazosulfonates are typically prepared by coupling the corresponding diazonium salts with alkali sulfite (usually Na2SO3) in
aqueous solution, leading to precipitation of the product.
However, in case of DAS the solubility of the sodium salt is so
high that it does not readily precipitate from the reaction
mixture. Thus a mixture of K2CO3 to neutralize the sulfonic
acid groups of TAZ and K2SO3 as sulfite source was used to
successfully isolate DAS, in accordance with literature
suggesting a generally lower solubility of potassium diazosulfonates compared to the sodium salts.43

Scheme of the synthetic pathway to DAS.
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Fig. 3 (a) UV/VIS normalized absorption spectra. The absorption maximum of DAS is blue-shifted (λmax = 370 nm) and the speciﬁc absorption
lowered (ελmax = 22 000 L mol−1 cm−1) compared to P2CK (λmax = 506 nm, ελmax = 55 000 L mol−1 cm−1) (b) WLC 2PA spectra of DAS and the reference
P2CK. The σ2PA of DAS is around 40 GM at the 2PP structuring wavelength used (800 nm), while P2CK has a more than three times higher σ2PA of
about 140 GM at this wavelength.

Spectral properties
In UV/Vis-spectra (Fig. 3a) DAS shows a more blue-shifted
absorption maximum (λmax = 370 nm) as well as a lower
specific absorption (ελmax = 22 000 L mol−1 cm−1) in comparison to P2CK (λmax = 506 nm, ελmax = 55 000 L mol−1 cm−1). Both
result from DAS bearing sulfonate and diazosulfonate groups
acting as electronic acceptors, while P2CK has strong dialkylamino electronic donor groups causing intensification and
red-shift of the linear absorption.
Similar eﬀects are observed in case of the white light continuum (WLC) 2PA spectra (Fig. 3b). The 2PA cross section of
DAS is around 40 GM at the 2PP structuring wavelength used
(800 nm), while P2CK has a more than three times higher
cross section of about 140 GM. However, the resulting lower
2PP structuring eﬃciency of DAS can be suﬃciently compensated by using a concentration of 2 mM, versus 1 mM for
P2CK, to obtain good 2PP processing results.
Singlet oxygen measurements
Oxidative damage to cells and tissues caused by 1O2, generated
with the aid of a photosensitizer, has been exploited in photodynamic therapy (PDT) for medical purposes.44 However,
during 2PP encapsulation of cells such phototoxicity should
ideally be completely avoided. The direct time-resolved detection of 1O2 infrared luminescence at 1270 nm was employed to
determine the formation of 1O2 sensitized by P2CK and DAS
respectively. 2PI solutions were irradiated at 420 nm. At 1 mM,
a concentration typically used for 2PP structuring, P2CK
showed only a very weak signal in the first 1 µs after the excitation pulse. The lifetime of 1O2 in water is naturally short
(3.5 µs), so D2O (∼68 µs lifetime) was used as a solvent for
further measurements to obtain better signal quality due to
higher quantum yield of phosphorescence.45,46 The signal was
also improved by lowering P2CK concentration to 0.1 mM.
Further lowering P2CK concentration to 20 µM led to almost
disappearing luminescence signal. This indicates that P2CK
acts both as sensitizer and quencher in the formation of 1O2,
with the quenching eﬀect being dominant at 1 mM. The
quenching of 1O2 by P2CK is also documented in the shortening of 1O2 lifetime to (16 ± 4) µs (uncertainty obtained as

This journal is © The Royal Society of Chemistry 2018

Fig. 4 Luminescence signal (solid) of excited 1O2 generated by 100 µM
DAS (black) and the reference P2CK (red) in D2O saturated by oxygen
together with respective ﬁts (dotted).

asymptotic standard error during non-linear least-squares
fitting) with respect to pure D2O (Fig. 4, red line).
Contrary to what was expected, DAS (Fig. 4, black line)
exhibited a four times stronger signal than P2CK, indicating
that it acts as a more potent photosensitizer of 1O2. This can
be explained by the fact that the quenching of 1O2 by DAS is
much lower compared to P2CK. This conclusion is also supported by the longer 1O2 lifetime of ∼40 µs using DAS in D2O.
Nevertheless, the eﬃciency of 1O2 generation is exceedingly
weak in both cases. It is two to three orders of magnitude
lower compared to compounds used in PDT such as porphyrins (compared to tetraphenylporphine tetrasulfonate (TPPS4)
in the same experimental setup, data not shown).47,48
Therefore we hypothesize that 1O2-formation alone is not the
only cause of photodamage observed in the 2PP-encapsulation
of cells with P2CK.
2D cell viability
PrestoBlue mitochondrial activity assay was used to address
the viability of adipose derived stem cells (ASC/TERT1) in 2D.

Polym. Chem., 2018, 9, 3108–3117 | 3113

View Article Online

Published on 08 May 2018. Downloaded by University of Sydney on 7/7/2018 8:04:39 AM.

Paper

Polymer Chemistry

Fig. 5 Quantiﬁcation of cell viability and number of ASC/TERT1 cells 24 h after treatment with 2PIs DAS and P2CK. Presto blue assay was used
evaluate the metabolic activity of the cells. (a) DAS was well tolerated in the analyzed range (0.5–4 mM), while all concentrations of P2CK above
0.5 mM aﬀected cell viability signiﬁcantly. (b) When the cells were irradiated with UV to model the initiation of the 2PIs, cell viability was maintained
up to 2 mM DAS concentration. The statistical signiﬁcance was addressed by ANOVA with Kruskal–Wallis test followed by Dunn’s multiple comparisons test. n = 6; **p < 0.01; ***p < 0.001; **** p < 0.0001.

PrestoBlue reagent is a resazurin-based, cell-permeant solution
that uses the reducing power of mitochondrial enzymes of
living cells to quantitatively measure proliferation.49 24 h after
stimulation with diﬀerent concentrations of 2PIs the cells
exhibited normal metabolic activity in case of DAS, while P2CK
treatment led to significant decrease of cell viability above
0.5 mM (Fig. 5a).
These results were in accordance with DNA quantification
using Hoechst 33258 staining, a dye that stains double
stranded DNA, and therefore corresponds to the actual cell
number of the sample (Fig. S4†).50 The drawback of this
method is that partial precipitation of P2CK in the samples
interferes with the measurement of fluorescence intensity at
the required wavelengths leading to unreliable results.
Therefore, this method of DNA quantification could only be
used for the DAS samples. In a further experiment, a plate containing 2PIs was irradiated at 365 nm in order to mimic the
photoinitiation process. This additional step resulted in sig-

nificantly lower survival of stem cells above 2 mM DAS concentration, however even at 3 mM and 4 mM the cell survival
reached 60% compared to the untreated control (Fig. 5b). The
DNA quantification also corresponded with the experienced
results shown in Fig. S4B.† On the other hand, these conditions led to apoptosis in all samples treated with any concentrations of P2CK (not plotted).
Structuring threshold
DAS was tested in 2PP processing and compared to the wellestablished 2PI P2CK. In order to investigate the laser power
threshold for structuring, a 10% GelMOD hydrogel supplemented with 1 mM P2CK or 2 mM DAS was prepared and
100 µm cubes were printed at 45–100 mW and up to 1 m s−1
writing speed. The applied 2PI concentrations were kept as low
as possible, while still reaching fabrication threshold at an
acceptable laser power. Fig. 6a shows that although 1 mM
P2CK needs an average 15 mW less power at every given

Fig. 6 2PP processing of hydrogels. (a) Structuring threshold of 2PIs. At all tested writing speeds it was possible to structure in the gels using either
2PI. P2CK (red) required less laser power in comparison to DAS (green). (b) Swelling of hydrogels fabricated at diﬀerent writing speeds of 100 mm s−1
and 500 mm s−1. The swelling was power and speed dependent and comparable in both cases.

3114 | Polym. Chem., 2018, 9, 3108–3117

This journal is © The Royal Society of Chemistry 2018

View Article Online

Polymer Chemistry

writing speed to reach the threshold limit, it is possible to use
2 mM DAS as a suitable alternative to P2CK for 2PP application.
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Swelling properties of 2PP fabricated hydrogels
The swelling profile of a hydrogel demonstrates its ability to
absorb water, which is related to the cross-linking density of
the material, hence the stiﬀer the gel is, the less it swells. It
aﬀects not only the diﬀusion rate of nutrients and metabolites
in the hydrogel, but also the migration and stretching of cells.
Besides the 2PI and hydrogel polymer concentrations, the laser
power and writing speed aﬀect the number of cross-links
within the gel. In order to study the swelling of the samples, a
set of 100 µm cubes were fabricated with diﬀerent writing
speeds and powers, using 10% GelMOD supplemented with
either 1 mM P2CK or 2 mM DAS. After the samples reached
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equilibrium state (approximately after 48 h) the swelling was
recorded.
Both the writing speed and the laser power influenced the
swelling behavior of the hydrogels as expected (Fig. 6b).
Increased speed and decreased power led to more extensive
swelling regardless of the 2PI used, and both 2PIs led to
similar results under these circumstances. For this reason
2 mM of DAS can be used as a substitute for 1 mM P2CK to
reach the similar cross-linking density of material.
Encapsulation of ASC/TERT1 cells using 2PP
In order to evaluate the biocompatibility of the 2PIs in 2PP
processing, ASC/TERT1 cells were encapsulated in 10%
GelMOD-95 hydrogel using 1 mM P2CK or 2 mM DAS and followed through the course of 5 days. To facilitate high through-

Fig. 7 Survival and proliferation of ASC/TERT1 cells in 2PP-produced GelMOD hydrogel constructs. (a) Number of cells within the 3D printed
hydrogel cubes at day 1 and day 5. The application of DAS as 2PI resulted in higher initial higher cell survival and increased proliferation when compared to P2CK. (b) CAD image of printed TU Wien logos, dimensions 500 × 500 × 125 µm (c1) TU Wien logo produced at 80 mW using 2 mM DAS
24 h after 2PP structuring (c2) TU Wien logo structured with 2 mM DAS after 5 days, with high survival and expanded morphology of the cells (d1)
TU Wien logo structured with 1 mM P2CK 24 h after fabrication (d2) TU Wien logo structured with 1 mM P2CK after 5 days. Cells were only growing
in the void, while cells in the gel were not viable after 5 days.
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put, relatively high powers (80–110 mW) were chosen to allow
a writing speed as fast as 1 m s−1. The cells were automatically
counted using ImageJ FIJI software with an automatic object
counting. Although the same amount of cells were encapsulated in both cases, P2CK samples resulted in average 75% less
cell survival on day 1, and led to more decrease over the course
of time at laser powers above 80 mW. By using DAS, the proliferation of the cells reached up to 140% after 5 days when
laser powers below 100 mW were used. However, at higher
powers cell numbers decreased, possibly due to too tightly
cross-linked hydrogels which did not support proliferation of
ASC/TER1 cells. The survival of the cells was dose dependent
and reached up to 140% when laser powers under 100 mW
were used (Fig. 7a).
To further demonstrate the capacities of DAS as a cytocompatible 2PI, ASC/TERT1 cells were encapsulated in a structure
containing not only cross-linked, but also non-polymerized
sections (Fig. 7b), and were stained on day 1 and day 5, using
calcein AM/propidium iodide live/dead staining. In the P2CK
samples, the auto-fluorescence of the 2PI makes the visualization of dead cells challenging, however the cells were only proliferating in the void areas (Fig. 7d). On the other hand in DAS
samples no auto-fluorescence was detected, the encapsulated
cells were expanding in the gel as well and still responded to
the live stain after 5 days (Fig. 7c).

Conclusions
A novel water-soluble diazosulfonate two-photon initiator DAS
was prepared from inexpensive commercial starting materials
via a tetrazonium salt intermediate and compared to the wellestablished initiator P2CK as a reference. Due to its lower twophoton absorption cross-section, DAS had to be used at
double the concentration of P2CK in two-photon polymerization (2PP) structuring. At this concentration DAS supports
exceedingly high writing speeds up to 1 m s−1 and a performance generally similar to P2CK, as indicated by laser power
threshold and hydrogel swelling experiments. It was hypothesized that due to a fast unimolecular cleavage to generate
initiating radicals, DAS would photosensitize the formation of
undesired, cytotoxic singlet oxygen less eﬃciently than P2CK.
Singlet oxygen luminescence experiments demonstrated that
DAS was in fact a better sensitizer than P2CK, however only
traces were generated in both cases, indicating that photodamage of cells during 2PP is likely caused by a diﬀerent mechanism. 2D cell viability assays and 3D cell encapsulation via 2PP
using adipose derived stem cells both demonstrated the biocompatibility of DAS far exceeding the reference P2CK and its
potential as superior material for cell-based biofabrication.
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